System level simulation results of a planar electrostatic micromotor, based on analytical models of the static and dynamic torque behaviours, are presented. A planar variable capacitance (VC) electrostatic micromotor designed, fabricated and tested at LAAS (Toulouse) in 1995 is simulated using the high level language VHDL-AMS (VHSIC (very high speed integrated circuits) hardware description language-analog mixed signal). The analytical torque model is obtained by first calculating the overlaps and capacitances between different electrodes based on a conformal mapping transformation. Capacitance values in the order of 10 −16 F and torque values in the order of 10 −11 N m have been calculated in agreement with previous measurements and simulations from this type of motor. A dynamic model has been developed for the motor by calculating the inertia coefficient and estimating the friction-coefficient-based values calculated previously for other similar devices. Starting voltage results obtained from experimental measurement are in good agreement with our proposed simulation model. Simulation results of starting voltage values, step response, switching response and continuous operation of the micromotor, based on the dynamic model of the torque, are also presented. Four VHDL-AMS blocks were created, validated and simulated for power supply, excitation control, micromotor torque creation and micromotor dynamics. These blocks can be considered as the initial phase towards the creation of intellectual property (IP) blocks for microsystems in general and electrostatic micromotors in particular.
Introduction
Microsystem technology is evolving very fast in different fields of applications, such as microsensors, microactuators, microfluidics or micro-optics. This development depends not only on the process knowledge and manufacturing equipment, but also on the accurate modelling and simulation of these systems [1] [2] [3] . Nowadays, specialized computer-aided design (CAD) software tools, such as MEMSPro TM , MEMCAD TM , INTELLISUITE TM and FEMLAB TM , perform sophisticated simulation and modelling of complex microsystems. Their use, however, requires a substantial understanding of the underlying physical behaviour and are computationally intensive since most of them are based on finite element analysis (FEA) methods [4] [5] [6] . In the context of this paper, tools based on these methods have successfully been used in 0960-1317/03/050580+11$30.00 © 2003 IOP Publishing Ltd Printed in the UK VC electrostatic motor modelling [7, 8] whereby electrostatic forces [9] , static torque [10, 11] and frictional parameters [12] have been calculated from FEA simulations.
The use of system level modelling languages such as the IEEE 1076.1-1999 standard (VHDL-AMS) [13] or Verilog-A can accelerate the modelling and simulation of microsystems, even at different levels of abstraction [14] [15] [16] [17] . All the different sub-elements of a microsystem and the different physical domains involved (electrical, mechanical, fluidic, thermal) can be modelled within the same environment. It is also possible to integrate parts of a model constructed or simulated by different means (such as Spice, C language or FEA methods) into the same VHDL-AMS (VHSIC (very high speed integrated circuits) hardware description language-analog mixed signal) simulation environment, allowing the incorporation of results from previous complex simulations.
The work at Heriot Watt University has been focused on modelling the static and dynamic behaviours of a variable capacitance (VC) planar electrostatic micromotor designed, tested and fabricated in 1995 at the Laboratoire d'Analyse et d'Architecture des Systèmes (LAAS, Toulouse, France) [18] . The design, fabrication and testing procedures are described in section 2. An analytical model of the actuator is presented in section 3. The model is based on geometrical overlap and capacitance calculations to calculate the torque exerted on the rotor when different stator electrodes are activated. A dynamic model is also developed that is based on the previous torque model. To support this model, moments of inertia of the rotor were calculated and viscous drag and friction coefficients estimated. This dynamic simulation model is implemented in VHDL-AMS, along with the power supply and excitation blocks, as shown in section 4. The ADVanceMS TM simulation environment (from Mentor Graphics TM ) is employed to run different simulations. Starting voltage, step response, switching and continuous operation simulation procedures and results are presented in section 5. Starting voltage simulations show good agreement with experimental results after refining some values of viscous drag and friction coefficients, known to be very difficult to determine theoretically.
Design, fabrication and testing
Every kind of rotary micromotor devices presents three different parts: a mobile part (the rotor) that lies upon a grounding surface, an axis which locks up the rotor and permits its rotation, and, around the rotor, a series of electric terminals fixed onto the substrate (the stator) [19] . Three (or more) mechanical layers for the process are therefore needed: one for the ground beneath the rotor, another for the rotor itself and a last one for the locking axis. The stator might be indifferently machined in one or more of these layers, but electrostatic considerations and/or design rules matching will ultimately condition the choice of some of them.
Prototype design and fabrication
The fabrication of the micromotor uses the conventional surface micromachining process with polysilicon used as the structural layer and silicon oxide as the sacrificial layer as
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Step shown in figure 1 [18] . Two layers of silicon oxide and rich silicon nitride (Si 1 N 1.2 ) are first deposited on a silicon substrate to allow electrical insulation up to 300 V and avoid mechanical deformation of the substrate. A polysilicon (P0) layer is then deposited on top of the previous two layers to act as an electrical ground plane for actuation. A 2 µm thick SiO 2 sacrificial layer (S0) is then grown using PEVCD (step 1) followed by a layer of polysilicon (P1), which is deposited using LPCVD at 605
• C and vertically etched by SF 6 plasma to form the rotor and stator electrodes (step 2). The gap between the rotor and stators is designed between 1 and 1.5 µm. The (S0) layer is then opened at the centre of the structure using hydrofluoric acid (HF) up to the (P0) layer, which acts in this process step as a stop etch layer (step 3). This opening is meant to anchor the bearing. By under-etching the rotor, the shape of the bearing is formed. This geometry allows the rotor to be supported near the bearing to reduce the friction torque. The conductivity of the rotor and stators is achieved by doping them with phosphine PH 3 . The formation of the second sacrificial SiO 2 layer (S1) is carried out conformally by thermal annealing at 1000
• C in the presence of water steam for 45 min. The thickness of the oxide (0.3 µm) defines the clearance between the rotor and the bearing (step 4). The advantage of such a method is twofold: first, the sacrificial layer conforms the shape of the rotor; and secondly, the thickness of the • /27
• sacrificial layer can be well controlled and allows to optimize the ratio gap/clearance in order to obtain the best theoretical configuration for starting torque. A third polysilicon layer (P2) is then PECVD deposited and RIE patterned (step 5) in order to form the bearing. The release is finally performed by selective chemical etching in HF solution at 50% (step 6). The micromotor has 12 stator electrodes and 8 rotor poles, as shown in the photograph in figure 2(a) . The main parameters are indicated in table 1 as well as in the schematic of the rotor as shown in figure 2(b).
Experimental set-up
Actuation of the motor is performed by electrostatic forces exerted between one or many stator electrodes and the rotor, which is always grounded by friction to the grounding plane. A predetermined sequence is applied to the stator terminals. In the case of our micromotor, the conventional excitation sequence consists of successive activation of four terminals belonging to two orthogonal diameters (one phase), repeated periodically in time (three phases), as shown in figure 3 . The rotor angle θ is defined as the angle between the horizontal axis and the lower side of the reference rotor tooth (marked with a dot in figure 3 ). θ = 0
• corresponds to the moment when the motor is in the rest position (phase 1 aligned as in figure 3(a) ). The excitation scheme is explained in more detail in section 3.1.
Two requirements are needed for the driving system of the micromotor: (a) the capability to provide time-dependent output voltages and (b) high voltage levels of the order of 300 V to enable actuation. A configuration with three independent high voltage drivers has been chosen in that effect, whereby a simple sequential logic that includes a counter drives, through transistor logic, three separate high voltage generators, as shown in figure 4 . The high voltage driver generators use a flyback configuration (see figure 5) . A 300 kHz hashed current, modulated by a logic signal (0-1 kHz) provided by the sequential block, flows through the primary inductor. The duty cycle of the transistor, which works in saturation mode, must be close to 50% to have the highest possible efficiency. The hashed voltage at the terminals of the two secondary inductors is rectified by a diode and then low pass filtered, to provide the excitation voltage (±V s ) for the stator electrodes. As shown in figure 5 , two different symmetric branches are built, even though only the positive part is used in this case, for each of the three phases. The output voltage for the drivers is provided by the control voltage generated by the external adjustable power supply (V dc ). When a generator is not active, i.e. when the logic signal is low, no current flows through the inductor and the driver presents a null voltage with low impedance towards the ground; this state allows charges that are present on the stator terminal to sink to ground.
Test procedures
The chips were bonded on a dedicated printed circuit board for easy electrical connections. The whole electric continuity, from the power supply to the stator terminals, was carefully checked and the resistivity between different connections along a given current path should be measured.
The motors do not spin as soon as the high voltage sequence is applied. First, some native oxide that appears between the inner diameter of the rotor and the axis, and underneath the rotor may cause friction torques larger than the actuation torque, thus preventing the rotor from spinning. Second, the electric contact (three dimples for our structures) between the rotor and the plane ground might be too weak and could lead to a non-zero potential for the rotor, thus decreasing the voltage difference between stator and rotor and degrading the actuation torque. Both problems are corrected by manual rotation of the rotor which tends to erode the undesired oxide through grinding and to make a better contact between the rotor and the plane ground. In order to correct the second part of the problem, the lowest potential, i.e. the ground, can be obtained by directly applying a 0 V through a test probe on the lock. In order not to damage the structure, a bonding gold wire (diameter 30 µm) was wrapped at the extremity of the test probe. The free extremity of the wire was flexible enough to touch the lock without destroying it. The same self-made instrument is used to 'manually' push the rotor and make the grinding.
The procedure used for experimentation with these motors is the following. Set V dc = 0 V (see figure 4), fix the excitation frequency f 0 of the applied electrode voltages, increase V dc until regular rotation of the motor is obtained, measure the starting V dc value (V dc on ) and decrease V dc down to zero. Repeat the same procedure for different excitation frequencies. Such a method provides (V dc on ) as a function of the excitation frequency and ultimately the rotational speed (n r ) obtained analytically in equation (1) . Collected experimental data are shown in figure 6 along with simulation results explained in section 5.1. These measurements were carried out with devices immersed in silicone oil (ε r = 1.8) resulting in a much higher viscous drag effect than air.
High level model of the micromotor
Electrostatic VC micromotors have been widely fabricated and studied since the early 1990s [20] [21] [22] [23] [24] [25] [26] [27] . As mentioned, different approaches have been used to model their behaviour: FEAbased tools and other developed methods [28, 29] . Going on with our previous work in modelling and simulating electrostatic devices [30] , a high level VHDL-AMS model of a prototype of VC motor has been developed.
Operation of the motor
The actuation of the VC motor relies on the torque exerted on the rotor due to the generation of electrostatic forces produced by the application of pre-determined dc voltages between chosen electrodes and the grounded rotor. The motor under study has 12 stator electrodes grouped in three phases electrically joined together and 8 rotor teeth as shown in figure 3 . The rotor and stator angular pole pitch are designed so that after every pole-electrode alignment step, the next phase is ready to be switched on. More specifically, four of the rotor poles already have an overlap with the four stator electrodes of the next active phase. The excitation scheme for the open-loop operation of the motor is simple and similar to the experiment explained in section 2.3. An anti-clockwise excitation scheme is shown in figure 7 by which electrodes of different phases are activated at different times in a periodic manner, with a frequency f 0 . As mentioned before, from the geometrical characteristics of the micromotor, the relation between the theoretical rotor turning speed (n r ) and the excitation frequency (f 0 ) for stable rotation of the motor is (in Hz)
Mathematical model of the torque
In order to perform a correct high level simulation of the motor, an analytical model of the device behaviour is needed. Firstly, a model for the capacitance between one stator electrode and one rotor tooth, with a certain overlap, is developed. The chosen conformal transformation transforms the air (or oil) gap between electrodes and rotor teeth where Coulombic forces are generated. This transformation was proposed in the context of a model for a double stator electrostatic wobble motor [30] . A 2D representation of the system is projected on a z-plane with (x, y) coordinates and its origin at the centre of the motor as shown in figure 8(a) . The logarithmic transformation,
where R ro = 60 µm is the outer radius of the rotor poles, maps each point in the z-plane to another point in the wplane so that the modelled air gap between the active electrode and the rotor tooth in the w-plane has a square shape allowing, therefore, the simple calculation of the capacitance as shown in figure 8 (b). Points J and K are the images of points J and K in the w-plane. The stator electrode is itself converted into a flat electrode in plane w. Using a parallel plate approximation [11, 31, 32] , the capacitance is
where ε 0 = 8.8542×10 −12 F m −1 and ε r = 1.8 are permittivity values of the air and the silicone oil where the micromotor has been tested; R s = 61 µm is the stator electrode radius, h = 2 µm is the thickness of the rotor and g = 1 µm is the gap between the rotor poles and the stator electrodes. The overlap between the rotor and the stator pole, expressed by f overlap (θ), depends only on the geometry and is the function of the rotor angular position, θ, expressed in radians. The maximum capacitance is reached when the overlap is maximum. As four electrode-pole pairs are combined per phase, the phase capacitance is
As seen in figure 9 (middle graph), the capacitance changes at the same rate as the overlap between active stator electrodes and rotor poles. Fringe fields on the output response have also been neglected in this model for the sake of speed of computation. The effects of the fringe fields on the output response of the micromotors have been shown to be negligible [33] . The static torque, ph , exerted on the rotor by the four electrodes of one phase can be calculated from an energy balance and is equal to the change in the electrical stored energy (U = CV 2 /2) between the four pairs of surfaces with respect to θ such that
where V is the constant value of the applied dc voltage. The sign of the torque depends on the slope of the overlap curve of each phase
∂foverlap(θ ) ∂θ
, whenever the electrodes of that phase are active. If the overlap of a rotor pole with an electrode is incremented with the angle in an interval (slope = +1), there will be a positive torque on the rotor on that interval (see figure 9) . However, if the overlap is decremented with the angle (slope = −1), the torque created on the rotor will be negative.
Dynamic model
In order to simulate and predict the true behaviour of a micromotor, an accurate but simple dynamic model needs to be specified in the form of ordinary differential equations. The dynamic equation proposed for the micromotor model is [33] 
where J = 2.6 × 10 −19 kg m 2 is the moment of inertia of the rotor calculated from the geometry; ph (θ) is the sum of instantaneous motor torques of the active phases at each moment (formula calculated in the previous section); B is the coefficient of viscous drag, in this case for silicone oil, and C 1 , C 2 are the constant and voltage-dependent kinetic (Coulomb) friction terms caused by the dimple and bearing contacts. These constants have been estimated analytically from micromotor geometric and material properties [34] [35] [36] . Documented values from other planar electrostatic micromotors fabricated by the same 3 polysilicon layer process have also been taken into account in our case. Since the experimental tests were carried out in silicone oil, the first coefficient values have been chosen as B = 1.9 × 10 −12 N m s,
The results from the first phase of the device simulation were used to provide more accurate values for the loss coefficients in order to match the simulated behaviour of the motor to the experimental data.
VHDL-AMS implementation

VHDL-AMS for microsystems
As a mixed-signal mixed-technology modelling and simulation language, VHDL-AMS offers important advantages for microsystem modelling and prototyping [37] [38] [39] [40] [41] [42] . Any physical system that can be described with analytical and ordinary differential equations can be easily simulated in VHDL-AMS [43, 44] , together with all the electronic circuitry that controls that system. VHDL-AMS supports VHDL (IEEE Std 1076.1993) entirely [13] so digital simulation is available. Every part of the system (electronic or non-electronic) can be modelled at different levels of abstraction, using complicated models for accurate validation and simpler ones for faster and more flexible simulations [45] . This language spans different levels of design by allowing designers to describe mixed-signal designs at behavioural, functional and implementation (digital) levels. New concepts that are relevant for the present work include the use of 'quantities', which represent unknowns of the system of equations and 'simultaneous statements', which implement these equations. 'Across quantities' describe effort-like effects such as a voltage across a resistor whereas 'through quantities' represent flow-like effects such as electrical current. Simultaneous statements are used to describe the constitutive equations of a device. Support for hierarchical modelling has been provided by extending the notion of a VHDL port to include, besides VHDL signals, quantities and terminals. Terminals are the basic building block for conservative systems. One or more terminals connected together form a node where Kirchoff's laws are enforced. Terminals describe the nature of each connection (i.e. electrical, thermal, rotational, etc). Across and through quantities are always declared between two terminals [45] .
Model organization
The whole micromotor device has been modelled and implemented in VHDL-AMS. There are four different blocks that form the system, as shown in figure 10 . Each of the blocks is represented in VHDL-AMS code as an entity and each of the entities has one or more different architectures that implement their behaviour. The four blocks are connected with terminals: electrical terminals (pw, pw ref, e1, e2, e3) that implement electrical connections and one mechanical terminal (t1) that shares the angular position and torque information between different blocks.
A package (pack planarvc) has been included in the model with all the physical dimensions and properties of the micromotor and function prototypes. These data can be used by the rest of the blocks. The first block is the power supply that provides the excitation unit with a variable dc voltage (V dc ). The excitation or driving unit has a high voltage input (between terminals pw1 and pwref ) and three driving high voltage output signals for the motor (one per phase). It also has a rotational terminal for position sensing use in closed-loop operation. This mode of operation is implemented in order to make design trade-offs of different control schemes. Four different architectures have been simulated for the excitation entity: open loop, closed loop, switch and step.
In the open-loop architecture, a fixed frequency signal is instantiating a square voltage source entity (Vsource sqr) with three different phase shift values for the three phases. In the closed-loop architecture, electrodes are switched depending on the value of the rotor position; this is performed by the use of simultaneous 'if statements'.
Blocks micromotor tor and micromotor dyn define the behaviour of the micromotor itself. One of the blocks implements the torque analytical calculations and the second one implements the dynamic model of the micromotor. Both equations (5) and (6) are embedded in the code.
In all VHDL-AMS designs, there must be an empty top entity so that the simulator will be able to handle it. In this case the top entity is called micromotor whole and sits on top of the hierarchy level in order to instantiate the rest of the entities in the model and define the general constants or parameters as shown in figure 10 . 
Simulation
The whole device model has been simulated using the ADVanceMS TM design and simulation environment from Mentor Graphics TM [46] . Many different types of simulations have been carried out. In the first instance, starting voltages of the micromotor for different excitation frequencies were simulated and compared with the results to the measurements taken in LAAS in order to validate the model and adjust the loss coefficients. The micromotor behaviour was then simulated under different conditions such as step response, switching, open-and closed-loop continuous rotation.
Starting voltages and model validation
As previously explained in section 2, the technique used to test variable capacitance micromotors was to fix an excitation frequency and start raising the V dc voltage value until a constant rotational speed is achieved. In this open-loop approach, no rotor position is fed back to the excitation unit to improve the control. The results from these experiments strongly depend on dissipative effects caused by friction and gear between rotor and bearing, and rotor dimples and substrate. In our case, the viscous drag caused by the silicone oil is also an important factor in determining the micromotor dynamic behaviour.
VHDL-AMS simulations of the motor starting voltages have been performed in the same way as experimental tests. An excitation frequency is fixed and the voltage is increased for each simulation run. If voltage is too low, the motor cannot follow the excitation and does not rotate properly due to inertial effects and the influence of the loss coefficients. These voltages are shown in figure 11 , whereby values up to 50 V are not enough to make the rotor turn adequately. The initial rotational speed N init is the speed at which the rotor tends to start rotating, even if it stops before the first 15
• . When the applied voltage reaches the starting voltage value (V dc on = 55 V in figure 11 ), the motor rotates at the fixed excitation frequency (20 rpm in this case). In this case, voltages equal to or higher than 55 V are the optimal for a synchronous motion. Any higher voltage value causes the rotor to operate in a stepper mode, that is the rotor reaches every alignment position in less than 125 ms and rests in that position until voltages are switched. A stepping behaviour can be desirable for scanning and switching applications. A failure case is shown in figure 12 for a desired rotational speed of N r = 20 rpm. When a voltage of 30 V is applied, the motor starts (at 1 rpm) but reaches only a 0.77
• angle and goes back to its original rest position once phase 2 is switched to phase 3 (in 125 ms).
The values recorded for the starting voltage (V dc on ) are the smallest ones that allow the rotor to rotate continuously. If we continue increasing the voltage value, the motor will enter a stepper operation mode and the rotor will stop every 15
• , whenever the four active stator electrodes are aligned with the four corresponding rotor poles. On the other hand, if excitation frequency is increased for a given voltage value, the rotor will be able to follow the excitation till a maximum value of the motor speed (natural frequency of the rotor) is reached. The overall maximum speed of the rotor will be limited by the breakdown voltage between the electrodes and the rotor.
Early simulation results shown in figure 6 (Sim1) and obtained using published friction and drag coefficients presented in section 3 (B = 1.9 × 10 −12 N m s,
) do not match experimental results very well (measure A, B). Since our measurements were done with the micromotors immersed in silicone oil, the loss coefficients have clearly been underestimated and need to be adjusted to the higher values of
. A linear fit matches the final results pretty well (Sim2). Once the motor is started, the rotor follows the excitation frequency at a constant speed, as shown in figure 6 . The only experimental results available are the starting voltage records, shown in figure 6 . The time evolution of the rotational speed is shown for minimum applied starting voltages ranging from 55 V to 121 V (see figure 13 ).
The very low inertia (2.6 × 10 −19 kg m 2 ) of the 2 µm thick micromotor induces very fast speed transients with a settling time of less than 1 µs. As shown in figure 14 , the maximum acceleration achievable (near t = 0), plotted as a function of time (left) and starting voltage (right), allows one to consider the micromotor as a possible contender as a laser scanning element as explained later. 
Switching response
Another important feature of our variable capacitance micromotors is the ability to alternate very rapidly its direction of rotation (clockwise and anti-clockwise). This switching behaviour is studied in this subsection in order to determine whether the micromotor can be used as a router for optical laser beams [47, 48] . For these simulations, phase 3 electrodes have been switched off permanently and using only phases 1 and 2 are used to induce the rotor to switch between two positions separated by a given angle of rotation. Not surprisingly, as shown in figure 15 , the maximum switching frequency is an increasing function of the dc voltage and a decreasing function of the angle of rotation. Figure 15 shows maximum switching frequencies for ±15
• , ±10
• and ±5
• angles and V dc values from 50 V to 200 V. The values obtained from a simulation point of view make the micromotor a possible contender for a laser-based scanning element.
Continuous operation
In order to simulate a steady and sustained operation of the micromotor, the excitation control block must activate the three phases of the stator. The switching moments for the excitation sequences can be a periodic function of time (open-loop) or a function of the rotor position (closed-loop). One of the aims in developing the model is to verify the influence of a closed-loop control system for real applications. Improvement of the performance of other electrostatic micromotors with such a scheme has been proved before [29, 30] . In a closed-loop mode, due to rotor-position-feedback-dependent switching, dc voltage and the excitation frequency values are fixed. Figure 16 shows closed-loop excitation frequencies for V dc voltage values from 50 to 200 V.
Phase electrodes are switched exactly every 15
• and a minimum of energy is lost in the switching.
In an open-loop system, excitation frequency must be fixed first and then increment the voltage value from zero until continuous rotation is observed. There is an optimum value of V dc for each excitation frequency value. For V dc values smaller than the optimum, the micromotor either does not start or is not capable of rotating continuously. For this behaviour the ADVanceMS simulator is unable to converge on a solution due to the formulation of the dynamic model. When the optimum value is reached (starting voltage value), the motor rotates continuously at the fixed frequency as in a closedloop case. It appears, therefore, possible to achieve a closedloop-like behaviour with an open-loop scheme; however, this unstable equilibrium is difficult to maintain without a controlled feedback. For V dc values greater than the optimum, the motor embraces a stepper mode operation, due to the higher voltage and therefore torque values, the rotor reaches alignment positions (every 15
• ) faster and rests in that position until voltage is switched to a different phase. This step-by-step operation can be useful for applications that require accurate positioning.
Simulation tool performance and usability
ADVanceMS
TM has proved to be a very useful tool in terms of usability and user friendliness. It is composed of a main simulation window to run and control the different simulation runs, and several other windows that can be accessed instantly, even during simulation. The source code can be accessed edited and saved, all the different variables of the model can be edited and changed easily and the global structure of the model can also be visualized. The wave visualization window (Xelga TM ) is used to visualize all the digital and analog waveforms and they can even be processed taking advantage of digital signal processing capabilities. Although high level simulation is much faster compared to FEA and Spice TMlike circuit simulations, the formulation of the model has to take into account aspects related to the convergence of the simulator numeric algorithms that solve the equations of the model. As mentioned in section 5.1, the planar micromotor can operate in a stepper mode when than the theoretical closedloop frequencies are applied. The rotor settles in a rest position until electrodes are switched again. This causes a slow convergence problem with the simulator when solving the differential equations due to the on-off nature of the torque model. So a simple mathematical solution has been implemented in order to improve the convergence rate of the model. It consists of a hysteresis model that keeps the value of the angle constant if no significant enough variation is predicted.
Conclusion
Successfully tested variable capacitance (VC) electrostatic micromotors were designed and fabricated at LAAS foundry service.
A simple and accurate analytical model for this electrostatic micromotor has been developed based on conformal mapping of the curvilinear electrodes and parallel plate capacitance approximation. This mathematical model has been integrated into a system level simulation model of the microdevice together with its excitation control electronics. The simple closed-form model was necessary for efficient implementation in VHDL-AMS whilst maintaining accuracy comparable to that of a FEA simulation. Four VHDL-AMS blocks, some of them with two or three different architectures, have been developed and tested for the micromotor system: power supply, excitation, micromotor torque creation and micromotor dynamics. The model was fast and simple to simulate and has been validated using starting voltage experimental measurements carried out in LAAS (Toulouse) with the fabricated prototypes.
Step responses of the micromotor to different excitation voltage values were obtained to characterize the micromotor dynamic behaviour. Fast switching at rotation angles ±15
• was also simulated and maximum switching frequencies were obtained in each case. The simulation results show real promise for this microdevice in optical switching applications. Continuous operation of the motor was also studied, in both open-and closed-loop modes. Open-loop operation of VC electrostatic micromotors showed good overall performance similar to closed-loop operation. The development of high level VHDL-AMS microdevice models can be considered as a first step in the creation of microsystems IP blocks. Once MEMS VHDL-AMS libraries are well established, the model exchange between different designer groups will allow a greater flexibility and saving of time and money in microsystem design and prototyping. This paper should be seen as a contribution towards that aim.
